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Removal efﬁciencyAbstract Hydrogen sulﬁde (H2S) is a major malodorous compound emitted from wastewater
treatment plants. In this study, the performance of three pilot-scale immobilized-cell biotrickling
ﬁlters (BTFs) spacked with combinations of bamboo charcoal and ceramsite in different ratios
was investigated in terms of H2S removal. Extensive tests were performed to determine the removal
characteristics, pressure drops, metabolic products, and removal kinetics of the BTFs. The BTFs
were operated in continuous mode at low loading rates varying from 0.59 to 5.00 g H2S m
3 h1
with an empty bed retention time (EBRT) of 25 s. The removal efﬁciency (RE) for each BTF
was >99% in the steady-state period, and high standards were met for the exhaust gas. It was
found that a multilayer BTF had a slight advantage over a perfectly mixed BTF for the removal
of H2S. Furthermore, an impressive amount >97% of the H2S was eliminated by 10% of packing
materials near the inlet of the BTF. The modiﬁed Michaelis–Menten equation was adopted to
describe the characteristics of the BTF, and Ks and Vm values for the BTF with pure bamboo char-
coal packing material were 3.68 ppmv and 4.26 g H2S m
3 h1, respectively. Both bamboo charcoal
and ceramsite demonstrated good performance as packing materials in BTFs for the removal of
H2S, and the results of this study could serve as a guide for further design and operation of indus-
trial-scale systems.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Hydrogen sulﬁde (H2S), a highly toxic gas, is one of the major
malodorous compounds emitted from wastewater treatment
plants, composting plants, and food processing plants
(Montebello et al., 2012; Rattanapan et al., 2009). Even
though many well-established physicochemical processes are
presently available for the removal of H2S (Gabriel et al.,
BTFs in hydrogen sulﬁde removal 4512004), they are relatively costly and ineffective in comparison
with biological technologies. In contrast, biotrickling ﬁltration
has proved to be one of the most promising processes because
of its low capital and operating costs, its high removal efﬁ-
ciency (RE), the absence of residual by-products requiring fur-
ther disposal, and its public acceptance as an environmentally
friendly technology (Gabriel and Deshusses, 2003; Herna´ndez
et al., 2012; Jin et al., 2005a, 2005b).
The three critical parameters for biotrickling ﬁlters (BTFs)
are the packing material, operating conditions, and inoculated
bacteria (Duan et al., 2007). The major function of the packing
materials is to provide a biomass surface to which the active
biological material can attach such that mass transfer of the
gaseous efﬂuents is enhanced. In recent years, several studies
have reported the removal of H2S from inlet gas with high
H2S concentrations using various carriers in BTFs. For
instance, activated carbon is widely used as packing material
for the removal of H2S (Chung et al., 2004; Duan et al.,
2006, 2007). In addition, polyurethane foam, rubber particles,
wood chips, and compost are also widely used for the treat-
ment of odorous gases from wastewater (Gabriel et al., 2004;
Ma et al., 2006; Park et al., 2011; Herna´ndez et al., 2013).
Ramirez et al. (2009a) used a laboratory-scale BTFs spacked
with polyurethane foam to remove H2S and achieved a RE
of almost 100% for 129 ppmv H2S. The effects of the gas,
liquid ﬂow rate, and EBRT on the performance of a bioscrub-
ber spacked with polypropylene pall rings for treating inlet gas
with an H2S concentration of 100 ppmv have also been
investigated (Potivichayanon et al., 2006). Gabriel and
Deshusses (2003) converted an existing full-scale chemical
scrubber to a BTF for the removal of H2S with gas contact
times as low as 1.6 s.
Nevertheless, the removal of H2S from inlet gases with low
H2S concentrations with a high throughput has not been stud-
ied extensively, although these conditions are closer to those
encountered in practical applications. Furthermore, because
of their capacity to adsorb odor pollutants and also supply
nutrients for microorganisms, bamboo charcoal and ceramsite
can be potentially used as high-performance packing materials.
However, very few investigations of the use of bamboo char-
coal for H2S removal have been reported, and almost all pre-
vious studies have focused on single packing materials. In
particular, the combination of bamboo charcoal and ceramsite
has never been studied.
In this paper, the H2S removal performance of three pilot-
scale BTFs spacked with combinations of bamboo charcoal
and ceramsite in different ratios was investigated. The present
study focused on the operating factors and the metabolic
pathways of elemental sulfur and evaluated the effectiveness
of bamboo charcoal and ceramsite as packing materials forTable 1 Biomass test on the packing materials of different
BTFs (number of bacteria per mass of packing materials,
·108/g).
Location BTF 1 BTF 2 BTF 3
Up region 49.8 49.9 51.6
Middle region 139.7 130.1 144.1
Bottom region 69.3 37.1 69.9
Average region 86.3 82.4 88.6biological treatment of odor. In addition, a kinetic analysis
of a BTF using immobilized bacteria was performed.2. Materials and methods
2.1. Experimental apparatus and operating conditions
The experiments were performed using three pilot-scale BTFs
(Fig. 1). Each BTF was made of polypropylene and had an
inner diameter of 0.6 m and a height of 3 m (effective volume,
565 L). The three BTFs with different packing patterns con-
tained (1) bamboo charcoal and ceramsite layers (BTF 1; 1:1
volume ratio; bamboo charcoal and ceramsite were placed
layer-by-layer and the bottom layer is bamboo charcoal; each
layer had a height of 25 cm), (2) a perfect mixture of bamboo
charcoal and ceramsite (BTF 2; 1:1 volume ratio), and (3) pure
bamboo charcoal packing material (BTF 3). The polluted air
consisted of fresh and polluted air from a wastewater lift sta-
tion and was supplied with an air compressor. The ﬂow rates
and inlet concentrations were automatically controlled via reg-
ulators on the pipes for fresh air and polluted air. The inlet gas
was fed to the bottom of each BTF at a constant ﬂow rate
of 80 m3 h1, while the solution was sprayed downward for
down ﬂow-mode of operation. The system was operated at
room temperature (20–25 C) throughout the experimental
period. The inlet and outlet H2S concentrations were measured
periodically, and percolate from the bottom of each BTF was
evaluated to determine its pH and sulfate concentration. In
addition, the outlet H2S concentrations were determined at
several sample points at different heights on BTF 3 to study
the utilization rate of the packing materials.
2.2. Packing materials
The structures of bamboo charcoal and ceramsite were
observed using a scanning electron microscope (SEM) (S-
4800, Japan) to identify their potentials as high-performance
packing materials. The densities of bamboo charcoal and
ceramsite were 900 and 400 kg m3, and their speciﬁc areas
(Asp) were 4490 and 859 m
2 kg1, respectively. Furthermore,
the average pore sizes were 45 and 420 lm, respectively.
2.3. Enrichment of microbial consortium
Sulﬁde-oxidizing bacteria (SOB) were obtained from the acti-
vated sludge stream of a secondary sedimentation tank at a
local wastewater treatment plant. In the experiments,
40 L/day of activated sludge was sprayed at the top of each
BTF for 20 d. The medium prepared for the cultivation of
the bacteria contained the following: 5 g L1 Na2S2O2Æ5H2O,
1.5 g L1 KH2PO4, 1.5 g L
1 K2HPO4, 0.4 g L
1 NH4Cl,
0.2 g L1 MgCl2Æ6H2O, and 3.1 g L
1 glucose. The nutrient
solution was sprayed for 2 min from the top of the BTFs at
a rate of 2 m3 h1 at intervals of 60 min, discharged from the
bottom, and did not cycle.
2.4. Analytical methods
The inlet and outlet H2S concentrations were determined by an
online H2S monitor (DR70C, China) and a portable H2S
Figure 1 Schematic of the pilot-scale BTFs.
Figure 2 Variation of the pressure drops with operation time for
different inlet concentrations.
452 Y. Chen et al.detector (INTERSCAN 4170, USA), respectively. Their lowest
detection limits are 0.01 ppmv and 1 ppbv, respectively. U
tubes were used to determine the pressure drops of each
BTF. Biomass tests on the packing materials of different BTFs
were determined by the Lipid-P Method. Water samples from
the bottom of the BTFs were taken periodically for the ion
analysis and pH determination. The sulfate concentrations in
the water samples were measured by ion chromatography
(IC1010, China). The pH of the water samples was determined
using a portable pH meter (WTW-3310, Germany).
3. Results and discussion
3.1. Pressure drop
The pressure drops are shown as functions of operating time
(Fig. 2). All three BTFs had similar, fairly low pressure drops
ranging from 30–80 Pa for the entire study. Similarly, Yang
et al. (2003) reported that the pressure drops ranged from
300–720 P am1 when the velocity was raised gradually from
0.035 to 0.177 m s1. No signiﬁcant variations in pressure
drops were found with increasing inlet concentrations in this
study. This indicates that the metabolites and the biological
membranes dropped by the microorganisms could be washed
out effectively by the sprayed liquid. In addition, the bamboo
charcoal and ceramsite packing materials led to a low pressure
loss, which yields sufﬁciently low operating costs to promote
their industrial application. The BTFs with higher pressure
drops had lower outlet concentrations, but all the pressure
drops were similar during the start-up period.Because the biomass on the packing materials of different
BTFswas similar, all three BTFs had similar, fairly low pressure
drops for the entire study (shown in Table 1). In addition, the
biomass on the packingmaterials of BTF1was a littlemore than
the BTF 2, it was in agreement with the pressure drop results.
3.2. Effect of inlet H2S concentration
Experiments were carried out for a period of 100 days to eval-
uate the H2S removal performance of different BTFs. In the
Figure 4 Variation of the curve elimination capacity vs loading
rate.
BTFs in hydrogen sulﬁde removal 453start-up period, the initial loads were sufﬁciently low, at 0.75 g
H2S m
3 h1 for a concentration of 3 ppmv and an EBRT of
25 s. Fig. 3 shows the results obtained when the inlet H2S
concentration was gradually increased from 3 ppmv to
20 ppmv. The removal results indicate that exhaust gas
meeting a high standard, namely, <50 ppbv H2S, was
obtained and that a high RE (nearly 100%) could be sustained
over a long period even when the H2S loading rate was 5 g H2-
S m3 h1. The outlet H2S concentration suddenly increased to
45 ppbv with an RE of 98.5% on the 37th day, it decreased to
10 ppbv, after which a new steady state was established. This is
because the removal of hydrogen sulﬁde mainly relied on
adsorption before the 37th day, afterward biodegradation
played a major role. These results indicate that the packing
materials were saturated with adsorbed H2S at the end of the
start-up period, during which the SOB adapted to the growth
environment and formed stable bioﬁlms on the packing
materials for the treatment of odor.
There were obvious ﬂuctuations in the performance after
the inlet H2S concentration was changed, but new steady states
were achieved in a few days. Thus, all three BTFs tolerated
changes in the inlet loading rate to a certain extent. As seen
in Figs. 3 and 4, the sequence of outlet H2S concentrations
was BTF 2 > BTF 1 > BTF 3, and elimination capacity from
high to low was BTF 3 > BTF 1 > BTF 2. The porous struc-
ture of bamboo charcoal and its large speciﬁc area are consid-
ered to be responsible for the good removal performance of
BTF 3. One possible reason for the poorer performance of
BTF 1 compared to that of BTF 2 is that a multilayer BTF
can only supply a suitable growth environment for the SOB
at different concentrations. In a similar study, Yang et al.
(2003) used single-layer and multilayer rotating-drum bioﬁlters
to investigate the effect of the medium conﬁguration on the
bioﬁlter performance for removing volatile organic com-
pounds. In contrast, the results from their study showed that
the multilayer structure had an advantage over the single-layer
structure.
In order to demonstrate the superior performance of the
BTFs considered in this study, several previous reports were
also considered for comparison. Jin et al. (2005b) achieved an
RE of >97% for an inlet H2S concentration of 55 ppmv by
operating a BTF spacked with Pall rings and EBRT of 25 s.
Ramirez et al. (2009b) immobilized Thiobacillus thioparus to
treat H2S and found that for loadings of 2.89 and 11.5 g S m
3Figure 3 Performance of BTFs treating H2S over a long period.h1, a high RE (>99%) could be sustained for an EBRT of
>90 s. In comparison, the pilot-scale BTFs considered here
were able to remove the H2S at these loading levels equally
and efﬁciently.
3.3. Axial concentration proﬁles and effects of EBRT
In order to further evaluate the performance of different BTFs
for H2S removal, the inner H2S concentration distributions of
the BTFs were also studied. The outlet H2S concentrations
were determined at several non-isometric sample points on
the BTFs to obtain the kinetic data. Fig. 5 shows the H2S
removal performance at different heights in the BTFs at an
EBRT of 14.3 s. The multilayer BTF had a slight advantage
over a perfectly mixed BTF for the removal of H2S.
Furthermore, experiments were carried out to evaluate the
performance of BTF 3 for different EBRTs (25, 14.3, and
11.1 s) at an inlet concentration of 10 ppmv. Fig. 6 demon-
strates the experimental outlet concentrations as a function
of height of the measurement point on BTF 3.Figure 5 Variation of H2S concentration at different heights of
packing materials of BTFs.
Figure 6 Outlet concentrations as a function on BTF 3.
Figure 7 Relationship between 1/R and 1/Cln for H2S degrada-
tion in BTF 3.
454 Y. Chen et al.As shown in Fig. 6, the hydrogen sulﬁde concentration was
signiﬁcantly different under 50 cm packing material height at
different EBRTs, the hydrogen sulﬁde concentration was less
than 50 ppbv over 50 cm packing material height and the
removal rate was more than 99.5%. This shows that when
the packing material height is below 50 cm, the EBRT signiﬁ-
cantly affects the removal of hydrogen sulﬁde. Whereas almost
complete removal of H2S was achieved by the time and the gas
reached the outlet for all conditions in this study. Thus, the
EBRT (11.1–25 s) was a noncritical parameter for ensuring a
high RE of BTF 3, and a large amount of contaminated air
could be treated efﬁciently by the BTF at a low EBRT
(11.1 s). Furthermore, a similar situation was found for the
REs of the other BTFs when EBRT was between 11.1 and
25 s. In addition, the forms of the kinetic equations for differ-
ent EBRTs were similar to each other, which might mean that
the kinetic activity was identical in all cases.
One impressive feature of the BTFs spacked with bamboo
charcoal is that >97% of the H2S was eliminated by 10% of
the packing materials at the bottom of the BTF. This means
that the bottom was the main degradation region. Three fac-
tors could explain these results. First, a high concentration
of H2S at the bottom could improve the mass transfer. Second,
as Syed et al. (2006) reported, elemental sulfur, thiosulfate, and
H2S are the main electron donors in the sulﬁde-oxidation pro-
cess, and O2 is the main electron acceptor. Therefore, a rela-
tively high concentration of O2 can speed up this process
without limiting the SOB activity. Third, the intermediate met-
abolic products ﬂushed from upper area to the bottom by the
liquid, favor the growth of the SOB and thus enable the
removal of H2S. Nevertheless, in order to obtain a lower outlet
concentration and a long EBRT, the top region is also critical
in the removal of H2S.
3.4. Kinetics analysis
Kinetics data are important for comparing the characteristics
and performance of various bioﬁltration systems with
different packing materials, inoculation sources, and reactor
conﬁgurations (Syed et al., 2006). As a result, the modiﬁed
Michaelis–Menten equation was adopted to describe the
characteristics of BTF 3. For this ﬁlter, the H2S removal rate
was calculated using the following equation (Hirai et al.,1990; Chung et al., 2001; Dumont and A ndre`s, 2010;
Romero Hernandez et al., 2013):
1
R
¼ Ks
Vm
1
Cln
þ 1
Vm
ð4Þ
where R is the apparent removal rate in g H2S m
3 h1, Ks is
the apparent half-saturation constant in ppmv, Vm is the
maximum apparent removal rate in g H2S m
3 h1, and
Cln = (Cin  Cout)/ln(Cin/Cout) is the logarithmic mean con-
centration of H2S at the inlet and outlet of the BTF in ppmv.
Fig. 7 illustrates the macrokinetic analysis for the removal
of H2S for inlet concentrations in the range of 3.5–20 ppmv.
Kinetic constants Ks and Vm were calculated from the slope
and intercept as 3.68 ppmv and 4.26 g H2S m
3 h1, respec-
tively. These values are comparable to those previously found
for BTFs: 3.07 ppmv and 7.84 g H2S m
3 h1 (Malhautier
et al., 2003). Based on the obtained kinetic constants, bamboo
charcoal could be an efﬁcient packing material for high-perfor-
mance H2S removal.
3.5. Analysis of bioﬁlm growth on packing materials
In order to explore the mechanism of H2S removal in the
immobilized-cell BTF, the bioﬁlms attached to the packing
materials from the BTFs were observed. The quantities of bac-
teria attached to both the surface and interior of the bamboo
charcoal and ceramsite could be clearly visible after the
start-up period (Fig. 8). More spherical bacteria than rod-
shaped bacteria were observed. In addition, spherical bacteria
grew in colonies and were connected with ﬁlaments. Fig. 8b
shows a vast amount of elemental sulfur particles with irregu-
lar shapes that were smaller than the bacteria. Combined with
the biomass test results, we can draw a conclusion that both
bamboo charcoal and ceramsite have good biocompatibility
and could serve as high-performance packing materials.
3.6. Metabolic products analysis
Understanding the degradation pathways will help researchers
to utilize the efﬁciency of microorganisms in controlling air
pollution. In order to identify the mechanism of H2S removal
Figure 9 Concentration proﬁles of SO4
2 for different BTFs.
Figure 8 SEM images of biological growth on the packing materials: (a) surface of bamboo charcoal, (b) interior of bamboo charcoal,
(c) surface of ceramsite, and (d) interior of the ceramsite.
BTFs in hydrogen sulﬁde removal 455in the immobilized-cell BTF, the percolate sampled from the
bottom of the BTFs was periodically analyzed. Under aerobic
conditions, oxidation of H2S by SOB occurs with O2 as an
electron acceptor, and the electron donor could be sulfur
(Kim et al., 2008). Under limited-oxygen conditions, sulfur is
the major end product, whereas sulfate is formed when sulﬁde
concentration is limited (Syed et al., 2006). This process can be
described by the following reactions:
2HS þO2 ! 2S0 þ 2OH ð1Þ
2S0 þ 3O2 þ 2OH ! 2SO24 þ 2Hþ ð2Þ
H2Sþ 2O2 ! SO24 þ 2Hþ ð3Þ
During operation of the ﬁlter, it was found that the pH
decreased from 7.45 to 3.29 for all different BTFs. Neverthe-
less, the large changes in pH did not have a substantial
inﬂuence on the H2S RE, possibly because the SOB used in
our study could accommodate a wide variety of acidic
environments. These results are similar to those of other
studies in which granular activated carbon was used for the
removal of H2S. In particular, it was found that the H2S RE
did not change when the pH decreased from 8.52 to 2.04
(Rattanapan et al., 2009).
As shown in Fig. 9, the concentrations of SO4
2 increased
steadily from 10 to 100 mg/L as the inlet concentration was
increased. For BTF 3, the analysis of sulfur conversion rate
from hydrogen sulﬁde to sulfate indicated that 37.4%,
37.2%, 34.1%, 31.4%, and 28.5% of the metabolic end prod-
uct was SO4
2 for Cin = 3, 5.5, 8.5, 12, and 20 ppmv, respec-
tively. As mentioned above, white deposits (i.e., elemental
sulfur) were clearly observed on the packing materials. There-
fore, we conclude that the conversion rate of SO4
2 and degree
of biological oxidation decreased with increasing inlet H2Sconcentration but remained relatively steady at low inlet H2S
concentrations, this is because the number of microorganism
degradation of H2S is limited. These results correspond well
with those of other studies in which Pall rings were used as
packing materials to remove H2S. In these studies, 38% of
the end product was SO4
2, whereas the remaining portion
was elemental sulfur (53%) and other end products (Jin
et al., 2005b; Malhautier et al., 2003). Malhautier et al.
(2003) studied a bioﬁlter spacked with granulated sludge for
the co-treatment of H2S and NH3, and they found that sulfate
and sulfur made up 99% of the sulfur-containing metabolic
products in the liquid phase. Fig. 9 also demonstrates that
the conversion rate of SO4
2 in BTF 3 was larger than those
in other BTFs.
456 Y. Chen et al.4. Conclusions
Three pilot-scale immobilized-cell BTFs for H2S removal
were investigated in continuous mode. During the experimen-
tal period, both the bamboo charcoal and ceramsite used as
packing materials in the BTFs demonstrated good perfor-
mance for the removal of H2S at low loading rates. The
RE for each BTF was >99%, and the exhaust gas met high
standards, namely, H2S concentrations <50 ppbv, in the
steady-state period. However, the multilayer BTF had a slight
advantage over a perfectly mixed BTF for the removal of
H2S. The pressure drop values were consistently insigniﬁcant,
and pH had no obvious inﬂuence on the RE even when it
decreased to 3.29. In addition, >97% of the H2S was elimi-
nated by 10% of the packing materials at the bottom of the
BTF 3. This indicates that bamboo charcoal and ceramsite
are feasible cost-effective packing materials for H2S removal
at low loading rates. Macrokinetic constants Ks and Vm for
BTF 3 were calculated to be 3.68 ppmv and 4.26 g H2S m
3
h1, respectively. Results of this study could serve as a guide
for the further design and operation of industrial-scale
systems.
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